Introduction {#S0001}
============

Proton pump inhibitors (PPIs) are a class of pharmacological agents used to treat acid-related disorders, such as gastroesophageal reflux disease, erosive esophagitis and peptic ulcer.[@CIT0001] Examples of PPI include omeprazole, pantoprazole and esomeprazole, which rank among the top 100 most frequently prescribed drugs in the US.[@CIT0002] They bind covalently to H^+^/K^+^/ATPase of the parietal cells of the stomach to inhibit gastric acid secretion.[@CIT0003] PPIs are generally safe and well tolerated by patients. However, their acid suppression action could lead to malabsorptions of several nutrients, such as vitamin B12 (cobalamin), iron, calcium and magnesium.[@CIT0004],[@CIT0005] These nutrients play essential roles in skeletal health; thus, a deficiency could contribute to bone loss. For example, cobalamin deficiency increases homocysteine and methylmalonic acid levels, which stimulate osteoclast formation and bone resorption.[@CIT0006] Several meta-analyses have confirmed that PPI use increases the risk of fracture despite a lack of change in the bone mineral density (BMD).[@CIT0007]--[@CIT0010] BMD is not a perfect surrogate of bone strength,[@CIT0011] and myriad non-BMD factors contribute to fractures.[@CIT0012] Thus, the differential effects of PPI on BMD and fracture risk are expected.

Limited recommendations are available to prevent bone loss induced by long-term PPI use. Currently, the US Food and Drug Administration recommends calcium and vitamin D supplementation for individuals at risk of osteoporosis and taking PPI.[@CIT0013] It is a logical approach because PPI users may suffer from calcium malabsorption.[@CIT0014] However, a meta-analysis of 33 randomised controlled trials revealed that calcium and vitamin D supplementation might not reduce nonvertebral, vertebral or total fracture risk in community-dwelling elderly.[@CIT0015] Although this meta-analysis is not without criticisms,[@CIT0016] the effects of calcium and vitamin D supplementation on bone health are still debatable. Researchers have been trying other approaches to prevent bone loss. Annatto tocotrienol prevents bone loss in animal models of bone loss induced by sex hormone deficiency and metabolic syndrome.[@CIT0017]--[@CIT0019] Annatto tocotrienol is derived from annatto bean and contains a unique mixture of vitamin E consisting solely of tocotrienol isomers, particularly gamma- and delta-tocotrienol.[@CIT0020] A previous study showed that annatto tocotrienol upregulates expression related to bone formation in orchidectomised rats.[@CIT0019] In cellular studies, annatto tocotrienol promotes the differentiation of osteoblasts by suppressing the mevalonate pathway.[@CIT0021],[@CIT0022] A human trial concluded that 12-week annatto tocotrienol in combination with calcium and vitamin D suppresses bone resorption markers in postmenopausal women with osteopaenia.[@CIT0023] However, the effects of calcium and annatto tocotrienol in combination on physical changes in the bone, such as bone microstructure and mechanical strength, have not been attempted.

Therefore, the current study aims to compare the preventive effects of calcium, calcium plus annatto tocotrienol and a commercial formula of calcium plus vitamin D, Caltrate Plus, on bone loss induced by pantoprazole. Pantoprazole is used in the long-term treatment of pathological hypersecretory conditions, such as Zollinger--Ellison syndrome and idiopathic hypersecretion.[@CIT0024] Adult rats were supplemented with pantoprazole for 60 days, which is equivalent to 5 years in humans.[@CIT0025] We hypothesise that calcium plus annatto tocotrienol is effective in preventing bone loss induced by pantoprazole and could serve as a candidate regime for PPI users to prevent osteoporosis and its associated fracture.

Materials and Methods {#S0002}
=====================

Preparation of Treatment Agents {#S0002-S2001}
-------------------------------

Pantoprazole (Xepa-Soul Pattinson, Malacca, Malaysia) was crushed into powder and dissolved in normal saline with either calcium carbonate (Bendosen Laboratory Chemicals, Bendosen, Norway) or powdered Caltrate Plus (Pfizer, New York, USA). Annatto tocotrienol (American River Nutrition, USA) consisting of 10% gamma-tocotrienol and 90% delta-tocotrienol was diluted in olive oil (Bertolli, Crawley, UK). The dose of Caltrate Plus (31 mg) used in this study was converted from the recommended dose for humans (600 mg) using body surface conversion formula.[@CIT0026] It also contains 41 IU vitamin D~3~, 2.6 mg magnesium, 0.4 mg zinc and trace amounts of copper and manganese. The dose of calcium carbonate used (77 mg) provided the same amount of elemental calcium as Caltrate Plus. The dose of annatto tocotrienol used \[60 mg/kg body weight (b.w.)\] was derived from previous studies,[@CIT0019] which showed that this dose could prevent bone loss in rat models.

Treatment of Animals {#S0002-S2002}
--------------------

Three-month-old Sprague Dawley male rats (n=30) were purchased from Laboratory Animal Resource Unit, Universiti Kebangsaan Malaysia (Kuala Lumpur, Malaysia). They were housed at Animal Laboratory, Department of Pharmacology, Faculty of Medicine, Universiti Kebangsaan Malaysia (Cheras, Malaysia) in ventilated plastic cages under standard conditions (25±2°C, 12/12 h dark/light cycle) and given tap and standard rat chow (Goldcoin, Klang, Malaysia) throughout the study period. After acclimatisation for a week, the rats were randomised into five groups (n=6/group). Four groups were given pantoprazole (3 mg/kg b.w.) via oral gavage daily in the morning, whereas another group was given equivolume of normal saline. Allocation of treatment regime (calcium carbonate, Caltrate Plus, annatto tocotrienol and the respective vehicles) is listed in [Table 1](#T0001){ref-type="table"}. Table 1Treatment Regimes of the RatsGroupMorningEveningNormal control (NC)Normal saline; oral gavageOlive oil; oral gavageNegative control (PPI)Pantoprazole \[3 mg/kg body weight (b.w.)\]; oral gavageOlive oil; oral gavageCalcium-treated (PPI+Ca)Pantoprazole (3 mg/kg b.w.) + calcium carbonate (77 mg); oral gavageOlive oil; oral gavageCalcium and annatto tocotrienol-treated (PPI+Ca+TT)Pantoprazole (3 mg/kg b.w.) + calcium carbonate (77 mg); oral gavageAnnatto tocotrienol (60 mg/kg b.w.); oral gavageCaltrate Plus-treated (PPI+CP)Pantoprazole (3 mg/kg b.w.) + Caltrate Plus (31 mg); oral gavageOlive oil; oral gavage

The body weight of the rats was monitored weekly using a digital balance. The rats were euthanised after 60 days of treatment through ketamine/xylazine overdose. Their femurs were harvested for subsequent analysis. The femurs were cleaned of soft tissues and weighed. The length and diameter of the femurs were measured using a calliper. The protocol of this study was reviewed and approved by Universiti Kebangsaan Malaysia Animal Ethics Committee (approval code: FAR/PP/2018/KOK YONG/26-SEPT./945-JAN.-2019-DEC.-2019). Principles and guides to the ethical use of laboratory animals by Universiti Kebangsaan Malaysia were followed during animal handling.

Micro-Computed Tomography Analysis {#S0002-S2003}
----------------------------------

The skeletal microstructure of the rats was assessed using Skyscan 1076 Scanner (Skyscan, Kartuizersweg Kontich, Belgium). Three-dimensional trabecular and cortical bone microstructures were analysed using CTAn software (SkyScan, Kartuizersweg Kontich, Belgium). The volume of interest for trabecular bone was the metaphyseal region of the distal femur, starting from 1.5 mm to the lowest margin of the femoral epiphyseal growth plate. A total of 200 slices were obtained from this point onwards and extending proximally. For cortical bone, another 200 slices volume of interest was selected at the mid-diaphysis region of the femur located 7.0 mm from the distal growth plate. The scans were performed at 70 kVp and 100 µA with high resolution. The trabecular parameters derived included bone volume (BV/TV), trabecular thickness (Tb.Th), trabecular number (Tb.N), trabecular separation (Tb.Sp), structural model index (SMI) and connectivity density. The cortical parameters derived included cortical thickness (Cr.Th), cortical area (Cr.Ar), tissue area (Tt.Ar) and the ratio of cortical area to tissue area (Cr.Ar/Tt.Ar).

Bone Cellular Histomorphometry {#S0002-S2004}
------------------------------

The right femurs were cleaned of soft tissue after harvesting and decalcified in phosphate-buffered 10% formalin solution with ethylenediaminetetraacetic acid (5.5%) for 2 months. Then, the bone samples were processed into paraffin blocks and sectioned at 5 µm longitudinally with a microtome (Leica Biosystem, Leica RM2235, Nussloch, Germany). The bone slides were rinsed with xylene and rehydrated with a series of alcohol solutions and stained with haematoxylin for 10 min. Next, they were rinsed with bluing reagents for 10 s and stained with eosin for 5 min. Finally, the slides were dehydrated with a series of alcohol solutions and mounted for microscopic observation.

The slides were examined using a light microscope and analysed using a cellSens Standard software (Olympus Corp, Tokyo, Japan). The region of interest is 1.5 mm below the lowest margin of the epiphyseal growth plate of the distal femur. A Weibel grid of 21 lines and 42 points was used for quantitative measures of the histological features. The lines of the grid intersecting with the trabecular bone, bone cells or osteoid were defined as bone (BS), osteoblast (Ob.S), osteoclast (Oc.S) or osteoid surface (OS). The points of the grid intersecting with the trabecular bone or osteoid were defined as bone (BV) or osteoid volume (OV).[@CIT0027] The histomorphometric parameters derived from this method include osteoblast surface (Ob.S/BS), osteoclast surface (Oc.S/BS), eroded surface (ES/BS), osteoid surface (OS/BS), osteoid volume (OV/BV).

Bone Mechanical Strength Test {#S0002-S2005}
-----------------------------

The mechanical strength of the femur was tested using a 3-point bending test with a precision universal tester (Autograph AG-10kNG; Shimadzu, Kyoto, Japan) with Trapezium X material testing operation software. In this test, the distal and proximal ends of the femur were supported by rounded edge-free notches with 10 mm distance in between. A blunt-end aluminium roller stamp was lowered gradually (5 mm/min) until the strength of 1 N was achieved. The study was terminated automatically when a loss of force \>20 N or a linear change of 2 mm was identified. The Trapezium X software received the data and calculated the load (N), displacement (mm), stiffness (N/mm), stress (N/mm^2^), strain (%) and Young's modulus (N/mm^2^).

Statistical Analysis {#S0002-S2006}
--------------------

Normality of data was determined using the Shapiro--Wilk test. All data were normally distributed and were analysed using parametric tests. Comparison of body weight adopted a time × treatment design and thus was analysed using mixed-design ANOVA with small effect analysis. Other parameters which involved end-point measurement were tested using one-way ANOVA with post-hoc pairwise comparison (Tukey or Dunnett T3). All data were presented as mean ± standard error of the mean. Statistical significance was considered at p \< 0.05. Statistical analysis was conducted using Statistical Package for Social Sciences (IBM, Armonk, USA).

Results {#S0003}
=======

Body weight significantly changed with time (p\<0.001), but the interaction between time and treatment was not significant (p=0.166). All groups, except the PPI+CP group, experienced a significant increase in body weight with time (p\<0.05). However, no significant difference in body weight was found among the groups at baseline, Day 30 and Day 60 of the experiment (p\>0.05) ([Figure 1A](#F0001){ref-type="fig"}). In addition, no significant difference in femoral weight, length and diameter was found among the groups (p\>0.05) ([Figure 1B](#F0001){ref-type="fig"}--[D](#F0001){ref-type="fig"}).Figure 1Body weight (**A**), femoral weight (**B**), length (**C**) and diameter (**D**) of the rats in different groups. No significant inter-group difference was found (p\>0.05).**Abbreviations:** NC, normal control; PPI, pantoprazole/negative control; PPI+Ca, pantoprazole group treated with calcium; PPI+Ca+TT, pantoprazole group treated with calcium and annatto tocotrienol; PPI+CP, pantoprazole group treated with Caltrate Plus.

Three-dimensional reconstruction of the trabecular and cortical bones is depicted in [Figure 2](#F0002){ref-type="fig"}. Apparent deterioration of the trabecular network occurred in the rats treated with pantoprazole compared with the normal control. The destruction of the trabecular network was partially prevented in the pantoprazole-treated rats. However, the cortical bone showed no apparent changes among the groups ([Figure 2](#F0002){ref-type="fig"}). Quantitatively, BV/TV, Tb.N and Tb.Th decreased significantly, whereas Tb.Sp and SMI increased significantly after the pantoprazole treatment (p\<0.05). Calcium supplementation with and without tocotrienol prevented the changes in BV/TV, Tb.Th and Tb.Sp (p\<0.05). Calcium supplementation per se prevented the changes in SMI, and calcium supplementation combined with tocotrienol prevented the changes in Tb.N (p\<0.05). Caltrate Plus did not prevent the changes in trabecular bone caused by pantoprazole. Administration of pantoprazole with or without other treatments did not alter the cortical parameters (Ct.Th, Ct.Ar, Tt.Ar and Ct.Ar/Tt.Ar) of the rats ([Figure 3](#F0003){ref-type="fig"}).Figure 2Three-dimensional reconstruction of the trabecular and cortical microstructures of the femoral bones of the rats.**Abbreviations:** NC, normal control; PPI, pantoprazole/negative control; PPI+Ca, pantoprazole group treated with calcium; PPI+Ca+TT, pantoprazole group treated with calcium and annatto tocotrienol; PPI+CP, pantoprazole group treated with Caltrate Plus.Figure 3Trabecular and cortical microstructures of the rats. The trabecular indices evaluated include bone volume (**A**), connectivity density (**B**), structural model index (**C**), trabecular number (**D**), trabecular separation (**E**) and trabecular thickness (**F**). The cortical indices evaluated include cortical thickness (**G**), cortical area (**H**), tissue area (**I**) and cortical area/tissue area (**J**). Letter ^a^indicates a significant difference compared to the normal control; \*indicates a significant difference compared to the PPI group.**Abbreviations:** NC, normal control; PPI, pantoprazole/negative control; PPI+Ca, pantoprazole group treated with calcium; PPI+Ca+TT, pantoprazole group treated with calcium and annatto tocotrienol; PPI+CP, pantoprazole group treated with Caltrate Plus.

Bone cellular histomorphometry revealed no significant changes in Ob.N, Oc.N, ES/BS, Os/BS and OV/BV among the groups (p\>0.05) ([Figures 4](#F0004){ref-type="fig"} and [5](#F0005){ref-type="fig"}). A similar observation was obtained with the mechanical parameters, whereby the differences in load, displacement, stiffness, stress, strain and Young's modulus were not significant among all groups (p\>0.05) ([Figure 6](#F0006){ref-type="fig"}).Figure 4Bone cellular indices of the rats evaluated using the Weibel grid technique, which include osteoblast number (**A**), osteoclast number (**B**), osteoid surface (**C**), osteoid volume (**D**) and eroded surface (**E**). No significant inter-group difference was found (p\>0.05).**Abbreviations:** NC, normal control; PPI, pantoprazole/negative control; PPI+Ca, pantoprazole group treated with calcium; PPI+Ca+TT, pantoprazole group treated with calcium and annatto tocotrienol; PPI+CP, pantoprazole group treated with Caltrate Plus.Figure 5Micrographs of the trabecular bones.**Abbreviations:** Ob, osteoblast; Oc, osteoclast; Os, osteoid.Figure 6Bone mechanical strength indices of the rats evaluated using the three-point-bending test, which include load (**A**), stress (**B**), displacement (**C**), strain (**D**), stiffness (**E**) and Young's modulus (**F**). No significant inter-group difference was found (p\>0.05).**Abbreviations:** NC, normal control; PPI, pantoprazole/negative control; PPI+Ca, pantoprazole group treated with calcium; PPI+Ca+TT, pantoprazole group treated with calcium and annatto tocotrienol; PPI+CP, pantoprazole group treated with Caltrate Plus.

Discussion {#S0004}
==========

Pantoprazole caused limited adverse changes in the trabecular microstructure of the femur of the rats but did not alter the cortical bone microstructure, cellular indices and mechanical strength. Calcium supplementation with or without annatto tocotrienol prevented the adverse changes in trabecular bone caused by pantoprazole. However, all treatment regimes did not affect the other skeletal indices of the rats receiving pantoprazole.

In this study, pantoprazole impaired the trabecular microstructures of the rats by reducing BV/TV, Tb.N and Tb.Th while increasing Tb.Sp and SMI. However, it exerted no effects on the cortical microstructures. The structure of trabecular bone provides a large surface-to-volume ratio for bone remodelling to occur; therefore, rapid changes can be observed with external stimuli like pantoprazole. By contrast, Matuszewska et al (2016) did not detect any changes in bone microstructure of Wistar rats treated with pantoprazole (3 mg/kg for 84 days).[@CIT0028] Similarly, Veggar et al (2017) did not observe changes in femoral trabecular and cortical structures of mice with impaired mobility and treated with pantoprazole (100 mg/kg bw daily, 3 weeks). However, they reported a marginally higher lumbar Tb.Th in these mice compared with the untreated mice.[@CIT0029]

In the present study, calcium supplementation with or without annatto tocotrienol prevented the degenerative changes in the trabecular microstructure of the rats treated with pantoprazole in this study. A previous study found that dietary calcium supplementation prevents the cadmium-induced deterioration of femoral microstructure (Tb.N and Cr.Th) in rats.[@CIT0030] In addition, calcium supplementation through drinking water prevents the destruction of trabecular structure in male rats due to testosterone deficiency induced by buserelin.[@CIT0018],[@CIT0031] By contrast, calcium supplementation does not enhance the trabecular bone structure in lactating rats.[@CIT0032] Surprisingly, annatto tocotrienol did not act synergistically with calcium carbonate in this study to further enhance its effects on bone microstructure. A previous report indicated that annatto tocotrienol prevents the deterioration of bone microstructure in animal models of bone loss induced by testosterone deficiency,[@CIT0018],[@CIT0019],[@CIT0031] oestrogen deficiency[@CIT0033] and metabolic syndrome.[@CIT0017] The results of the present study suggest that the bone anabolic effects of annatto tocotrienol are limited and overshadowed by the effects of calcium supplementation.

Bone cellular histomorphometry quantifies the number of osteoblasts and osteoclasts as well as the consequence of their actions, such as osteoid synthesis and bone erosion.[@CIT0034] In the present study, pantoprazole did not affect the bone cell numbers, osteoid surface/volume and eroded surface of the rats. Similarly, a previous study found that the osteoclast surface of mice with impaired mobility does not change with pantoprazole treatment.[@CIT0029] However, pantoprazole decreases the viability of osteoclast-like cells derived from human peripheral blood mononuclear cells and increases the viability of human primary osteoblasts derived from excised femoral head.[@CIT0035],[@CIT0036] Gene expressions related to osteoclastogenesis and osteoblastogenesis are not altered with pantoprazole in these in vitro studies.[@CIT0035],[@CIT0036]

Calcium supplementation with or without annatto tocotrienol did not alter bone cellular histomorphometric indices in rats receiving pantoprazole. This observation is in agreement with a previous study showing that calcium in drinking water does not alter bone cell number and activities in male rats with testosterone deficiency.[@CIT0031] However, calcium supplementation reduces erosion surface but not osteoblast and osteoclast numbers in lactating rats.[@CIT0032] Previous studies found that annatto tocotrienol improves bone cellular indices in various animal models of bone loss.[@CIT0017],[@CIT0031],[@CIT0037],[@CIT0038] Interaction between annatto tocotrienol and pantoprazole might exist, which hinders the beneficial actions of annatto tocotrienol on bone cells.

Reduced bone strength is the ultimate consequence of osteoporosis. This study showed that pantoprazole treatment for 2 months did not affect the bone strength of the rats despite the degenerative changes in trabecular bone microstructures. The 3-point bending test was performed at the mid-diaphysis of the femur, which consists mainly of cortical bone. No significant change was observed in the cortical structure; thus, the lack of effect on bone strength is expected. Pantoprazole does not alter bone strength at the femoral diaphysis, femoral neck, lumbar vertebra and humeral diaphysis of mice with impaired mobility and treated with pantoprazole.[@CIT0029] At 200 mg/kg i.p. for 8 weeks, pantoprazole also did not change the bone strength in a model of posterolateral lumbar spinal fusion in female rats. A rat fracture-healing model showed that pantoprazole (100 mg/kg, i.p. for 5 weeks) reduces the bending stiffness at the fractured bone but not at the contralateral unfractured bone.[@CIT0039]

Calcium supplementation with or without annatto tocotrienol did not improve the biomechanical parameters of the rats taking pantoprazole in this study. Similarly, calcium supplementation of the rat dams does not improve bone strength of pups.[@CIT0032] This observation contradicted the findings of Mohamad et al (2018) that calcium in drinking water improves the femoral load and Young's modulus of rats with testosterone deficiency induced by buserelin.[@CIT0018] Annatto tocotrienol also improves the bone strength of the rats in some models of osteoporosis[@CIT0017],[@CIT0018] but is ineffective in this case. Our observation is similar to a previous finding that annatto tocotrienol (60 mg/kg oral for 2 months) could not improve bone strength of orchidectomised male rats.[@CIT0040] The discrepancy between bone strength and microstructure may stem from the different regions of femur measured.

Surprisingly, Caltrate Plus, which contains calcium, trace elements and vitamin D~3~, was not effective in improving any of the skeletal health parameters. Likewise, annatto tocotrienol did not enhance the effects of calcium supplementation. We suspect a potential drug interaction between pantoprazole and tocotrienols or vitamin D. These agents are catabolised, at least partly, by cytochrome 3A4 (CYP3A4). Pantoprazole upregulates the expression of CYP3A4,[@CIT0041] which catabolises tocotrienols and vitamin D,[@CIT0042],[@CIT0043] thus reducing the level and effectiveness of these compounds in the rats. This speculation should be validated in future studies.

Several limitations should be addressed in this study. Firstly, we did not determine the effects of pantoprazole on the gastric pH, serum and bone mineral and cobalamin levels, which may be related to its effects on skeletal health. Secondly, the serum levels of tocotrienols and vitamin D were not determined; hence, we do not know the absorption and bioavailability of these compounds. Thirdly, the parathyroid level of the rats was not quantified; therefore, we did not know whether pantoprazole could cause calcium deficiency in this model and whether it was averted with the treatments. Fourthly, the serum bone formation and resorption markers were not evaluated to highlight the effects of treatment on bone turnover. These assays can be incorporated in future studies to provide a comprehensive view of the mechanism of calcium in preventing bone loss induced by pantoprazole.

Conclusion {#S0005}
==========

Pantoprazole causes adverse effects on trabecular bone microstructure, but it does not affect bone strength or cellular histomorphometric indices. Calcium supplementation with or without annatto tocotrienol prevents the degenerative changes of pantoprazole on trabecular bone microstructure. Annatto tocotrienol does not enhance the effects of calcium significantly in this regard. Therefore, chronic users of proton pump inhibitors may consider calcium supplementation as a pharmacological strategy to prevent bone loss.
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